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The retinal pigment epithelium (RPE) is a key site of pathogenesis for many retina diseases.
The formation of drusen in the retina is characteristic of retinal degeneration. We investigate
morphological changes in the RPE in the presence of soft drusen using an integrated experimental
and modeling approach. We collect RPE flat mount images from donated human eyes and develop
1) statistical tools to quantify the images and 2) a cell-based model to simulate the morphology
evolution. We compare three different mechanisms of RPE repair evolution, cell apoptosis, cell
fusion, and expansion, and Simulations of our RPE morphogenesis model quantitatively reproduce
deformations of human RPE morphology due to drusen, suggesting that a purse-string mechanism
is sufficient to explain how RPE heals cell loss caused by drusen-damage. We found that drusen
beneath tissue promote cell death in a number that far exceeds the cell numbers covering the drusen.
Tissue deformations are studied using area distributions, Voronoi domains and a texture tensor.
PACS numbers:
I. INTRODUCTION
Age-related macular degeneration (AMD) is a degen-
erative disease of the photoreceptors as well as the retinal
pigment epithelium (RPE), which form a key layer in the
central part of the human retina called the macula [1].
Early stages of the disease feature deposition of extracel-
lular debris, known as drusen, from the basal side of the
RPE onto Bruch’s membrane. The later stages of the
disease may either progress to one of two forms, known
as geographic atrophy (dry AMD) and choroidal neovas-
cularization (wet AMD). Patients with dry AMD exhibit
loss of photoreceptors and RPE in the macula, hence
loss of the central vision. Patients with choroidal neo-
vascularization experience abnormal growth of choroidal
vasculature that cross Bruch’s membrane and in some
cases RPE and the neuroretinal layers. These poorly
regulated, abnormal vessels leak serum and blood into
the retina and can cause blindness [2, 3]. Late-stage of
AMD is the leading cause of blindness in adults beyond
the age of 55 [4–8] and is projected to afflict more than 3
million Americans by the year 2020 [9]. Clinically there
has been moderate success with intravitreal injection of
anti-vascular endothelial growth factor (VEGF) to de-
ter choroidal neovascularlization [10, 11], but there are
no robust methods to treat patients suffering from geo-
graphic atrophy. The long-term prognosis of this form of
AMD is poor in many cases, mainly because there is no
way to differentiate normal aging eye from the eye with
early stages of dry AMD. Any progress in differentiating
between a normal eye and one with early stages of AMD
will have a major impact on the development new ther-
apies as well as new tools for diagnosing different stages
of AMD.
Figure 1(a) is a schematic illustration of the region
of the macula involved in AMD. Choroidal neovascular-
ization (CNV) is the abnormal growth of blood vessels
through Bruch’s membrane and the RPE layer from the
choroid region. CNV can occur in the sub-RPE, the sub-
retinal space, or both (Fig. 1(c)). These abnormal vessels
leak serum and blood that can induce a fibrotic reaction
known as a disciform scar. The modern-day therapies
rely mainly on anti-angiogenic drugs that they have been
a great success in treating CNV [12, 13]. The RPE layer,
situated between the choroidal vasculature region and
the photoreceptors, is arguably key site of AMD pathol-
ogy. RPE is composed of a single layer of cells (Fig.
3). This layer has several functions including participa-
tion in the regeneration of 11-cis-retinal in the visual cy-
cle, absorption of spray light passing through the retina,
formation of the outer blood-ocular barrier, upkeep of
subretinal space including fluid and electrolyte balance,
maintenance of the choriocapillaris, and the phagocytosis
of shed photoreceptor outer segments. Healthy RPE cells
are critical for maintaining the structure of the retina and
preserving normal photoreceptor function. In addition to
AMD, abnormal RPE cells contribute to the formation
and progression of numerous retinal diseases, including
Stargardt’s dystrophy and Best’s disease [14].
We have previously showed that RPE morphology can
discriminate the age and disease status of the eye in
mouse models [16]. Our goal in the present paper is
to determine how drusen modifies RPE morphology as
AMD progresses.
As the eyes age, intracellular and extracellular debris
start to accumulate in the retina and mediate macular
dystrophies. For example, excess accumulation of aut-
ofluorescent lipofuscin pigments, that are composed of
finely granular yellow-brown pigment granules that are
made of lipid-containing residues of lysosomal digestion,
in the RPE have been shown to be cytotoxic in multi-
ple studies and a major contributor to degenerative dis-
eases including macular degeneration [17, 18]. Drusen
are small yellow or white accumulations of extracellular
2FIG. 1: Illustrations of the retinal pigment epithelium (RPE)
of the retinal pigment epithelium (RPE) layer, Bruch’s mem-
brane (BM), and the choroid region histopathology associ-
ated with various macular degenerative processes (adapted
from [15] with permission): (a) normal macula, (b) with a
druse sandwiched between the RPE and BM with adjacent
geographic RPE atrophy and loss of overlying photoreceptors
(PR), and (c) choroidal neovascularization is the abnormal
growth of new blood vessels in the choroid (CH) that pene-
trate the BM and the RPE.
material that build up between Bruch’s membrane and
the RPE. The origin of the proteins and lipids in drusen
is not entirely known, but drusen can be considered as oc-
ular landfills [1]. Drusen typically fall under three types.
Hard drusen appear to be yellow dots, usually smaller
than 30 µm in radius, and have sharp borders [19]. Soft
drusen, which are not considered a part of normal aging,
are larger, typically greater than 62 µm in radius, and
may have either sharply defined borders or fuzzy, are
mostly aggregates of hard drusen that are formed over
time [19]. Basal linear deposits are composed of primar-
ily membranous material in the inner collagenous layer of
Bruch’s membrane and are fibrous and amorphous and
located between RPE and its basal lamina [20]. Of these
different types of deposits, only hard drusen are consid-
ered to be a consequence of normal aging. They induce a
lifting the RPE layer, stretching and sometimes compres-
siong cells without evidence of cell death. The presence of
hard drusen does not significantly increase the risk of de-
veloping AMD [21], but other deposits, particularly soft
drusen, have been implicated in AMD [22]. The early
presence of soft drusen is considered a great risk factor
of CNV and early loss of vision. Here we focused on the
study of deformations of the RPE morphology triggered
by soft drusen.
Soft drusen cause morphology changes in RPE cells.
Like other transporting epithelia, RPE cells contain dis-
tinct apical and basal-lateral plasma membrane domains
separated by adherent complexes that encircle the cell at
the boundary between apical and lateral regions [23–26].
Much of the molecular machinery that reorganizes ep-
ithelial contacts is known. The elements of the complex,
identified as zonula occludens (tight junctions), zonula
adherens (intermediary junctions), and macula adherens
(desmosomes), occupy a juxtaluminal position and suc-
ceed each other in the order given in an apical-basal di-
rection [27]. The adherens junctions and desmosomes,
together with the tight junctions form junctional com-
plexes that completely encircle the cells, resulting in a
continuous junctional belt that interconnects neighboring
cells [27], offering both adhesive and contractive forces.
Modulation of the adhesion and contraction of cell con-
tacts changes the morphology of the junctional network,
and contributes to morphogenetic movements in epithe-
lial sheets [28–30]. To understand RPE morphogenesis
and changes resulting from druse-induced cell death, we
need a physical description of the epithelium that can
account for contractile and adhesive forces of the cells
and tissue remodeling of the cells in tight connections.
For this purpose, we developed a 2D epithelium tissue
model that accounts for the damage and recovery of
cells through a purse-string mechanism in which wounds
closed as if the entire wound border were subject to cir-
cumferential tension and besides investigated the epithe-
lial morphology changes as a function of druse size. Al-
though multi-nucleate RPE cells have been observed that
may arise due to endoreplication, cell fusion, or incom-
plete cell division [31], we proposed here that apoptosis
followed by purse-string epithelial repair is the prepon-
derant mechanism. However, to validate our hypothesis,
we used computer simulations comparing cell patterns
damaged by drusen beneath the tissue in which cells die
by apoptosis, cell fusions or expansions followed by the
death of neighbor cells due to an excessive compression.
II. MATERIALS AND METHODS
We obtained and analyzed human RPE flat mount tis-
sues. In particular we focused on drusen induced cell
morphology. The study protocol adhered to the tenets
of the Declaration of Helsinki for research involving hu-
man subjects, including identifiable human tissue. Do-
nated eyes with AMD and age-matched controls were ob-
tained from the Georgia Eye Bank, Atlanta, GA, within
48 hours of death and stored in moist chambers at 4 ◦C
after enucleation. The globes were fixed in 10% buffered
formalin (pH 7.4) for 4 hours and stored in 1x Phos-
phate Buffered Saline, pH 7.4 (PBS, Invitrogen Corpo-
ration, Carlsbad, CA) at 4 ◦C. The RPE flat-mounts
were prepared using a microdissection technique as fol-
lows. Briefly, the enucleated eyes were placed in a plas-
tic “egg-cup” support under a dissecting microscope. A
scleral incision 3 mm posterior to the limbus was made
using a disposable blade, extended 360 degrees circum-
ferentially parallel to the limbus. The cornea, iris and
lens was removed. Six radial anterior-posterior oriented
scleral cuts were placed at the the ora serrata and ex-
tended towards the optic nerve to enable the tissue to
be flattened. The star-shaped flatmounts were left dur-
ing scleral limbal trimming and placed on a glass slide.
The scleral petals were carefully peeled away to expose
the intraocular tissue with particular attention paid to
the vortex veins and fovea. The retina and vitreous
were subsequently removed in one piece by gentle teasing
away of the choroid-RPE sheet from the ciliary insertion
with the specimen submerged in PBS buffer. The flat-
3mount preparation was divided into six portions (tempo-
ral, inferotemporal, inferonasal, nasal, superonasal, and
superotemporal). After dissection, the tissues were flat-
mounted, RPE uppermost, onto paper-frame bordered
glass slides. The specimens were rinsed with PBS fol-
lowed by staining with 2.5% AF635-phalloidin (Invitro-
gen, Camarillo, CA) and 20 ug/ml propidium iodine in
0.1% Triton X-100 HBSS solution. Subsequently, the
specimens were washed 3 times with 2x 0.1% Triton X-
100 HBSS buffer, mounted with 2 drops vectashield hard-
set, coverslipped, and allowed to set overnight. Images
were renditions of 3 optical sections each spaced 5µm
apart in Z-stacks and were imaged with a confocal mi-
croscope. Each confocal image was 1024x1024 pixels in
size and the green channel was used for our analysis. In
the confocal images the green, red and blue corresponded
to AF635-phalloidin staining of actin cytoskeleton, pro-
pidium iodide staining of nuclei and autofluorescence, re-
spectively.
III. CELLULAR POTTS MODEL OF RPE
MORPHOGENESIS
Many mathematical models have focused on the study
of embryonic epithelial morphogenesis (e.g. [32]), wound
healing (e.g. [33–35]) and more recently on disruption of
epithelial homeostasis and its connection to cancer (e.g.
[36]).
A challenge in mathematical modeling is the level of
detail necessary for the description of a biological sys-
tem under study, particularly whether single cell behav-
ior needs to be included in the description of the system
or not. Although for some systems the gene networks reg-
ulating embryonic patterning have been identified in de-
tail [37], descriptions of gene networks are rarely directly
involved in the dynamics of cell behavior, including cell
motility, cell adhesion, and chemotaxis. Therefore math-
ematical models are typically based on experimentally
plausible, qualitative descriptions of cell behavior. We
used the Cellular Potts model [38], which has been used
in many studies of biological phenomena and is an effec-
tive cell-based approach for modeling biological growth
and morphological development (for a review of the Cel-
lular Potts model approach, see [39]; for more recent ap-
plications, see [39–43] ).
In [44] a multiscale novel formalism was proposed, in
which relates the characterizations of each cell process
(cell divisions, cell rearrangements, cell shape and size
changes, apoptoses, cell fusions, etc) to tissue growth
and morphogenesis. Based on a texture tensor, the for-
malism unambiguously measures the tissue deformation
rate as well as the deformation rates associated with each
individual cell process. The authors have used the Cel-
lular Potts model to validate the formalism and illus-
trate the impact of cell divisions on tissue elongation
and on the other processes. There is a complex inter-
play between cell divisions and other processes such as
cell shape changes and rearrangements. They found that
the cell divisions are not always responsible of the elon-
ngations that suffer a tissue during its mophogenesis as
it is exposed in the literature. The formalism has been
theoretically demostrated [44], then in a sense validates
the Cellular Pott model as an excellent model to study
cell rearrangements and cell size and shape changes on
tissues.
We used a two-dimensional (2D) Cellular Potts model
for the RPE morphogenesis. This choice is appropriate
because the RPE is essentially a 2D sheet. Moreover,
the adherent complexes that we stained to identify each
cell in experiments, be it the tight junction or actin, were
distributed on the cell’s edges on the apical face. The Cel-
lular Potts model is now a standard tool to simulate mul-
tiple cell patterning based on single cell behaviors [45].
This model represents most cell behaviors in the form of
a generalized energy E, which includes the interactions
between cells, between a cell and its cellular environment
and constraints that determine individual cell behaviors.
One of the motivations for its application in biology is its
capability to handle irregular, fluctuating interfaces. Ex-
amples that illustrate its capabilities are modeling of cell
sorting in aggregates of embryonic chicken cells [46], mor-
phological development of the slime mold Dictyostelium
[47], avascular tumor growth [48], and choroidal neovas-
cularization in the retina of AMD eyes [49]. In the Cellu-
lar Potts model, a cell consists of a fluctuating domain of
lattice sites, thus describing cell volume and shape more
realistically. This spatial realism is important when mod-
eling interactions dependent on cell geometry. Thus, the
pixelization induced by the calculation lattice can be cho-
sen to correspond to the pixelization in experimental im-
ages. This approximation allows the use of experimental
images as initial configurations for reproducing morpho-
logical changes of cell rearrangement. We take advantage
of this characteristic of the Cellular Potts model to study
morphological changes of RPE associated with cell loss
by druse formation.
The details of Cellular Potts model have been pre-
sented on many occasions. Briefly, a 2D Cellular Potts
model describes packing geometries of epithelial cells as
a 2D network. Cells are defined as domains of the same
numbers on a lattice. For convenience, we use a square
lattice, but it is possible to use other kind of lattices ac-
cording to the problem to be solved. Each lattice site
i has assigned an integer cell number σi chosen from
1, ..., Q, where Q is the total number of cells. The simple
connected set of all sites with the same number σi defines
a cell, while links between different cell numbers define
the cellular membrane (see 2(a)). Thus, each cell number
σi simply acts as a label for a given cell extended over
many lattice sites and their number defines the cell area
Aσi . The total energy of a configuration is given by
E =
∑
i,j neighbors
Jij
(
1− δσiσj
)
+
Q∑
σi=1
κ (Aσi −Aσ0)2(1)
4FIG. 2: Schematic illustration of the Cellular Potts Model:
(a) Extract of a few sites of a square lattice. Each lattice site
has assigned a number and the cells are defined as domains of
the same number. The solid line represents the cellular mem-
brane. (b) The central site of the (a) extract and its nearest
neighbor interactions. The different weights for the different
order of neighbors are indicated by arrows (darker arrow has
stronger interaction), thus tending to form hexagonal cells
(there is no interaction for the third order). Note that the
sites labeled with the number 4, except the central one, were
not considered in (b) due to there is no interaction between
sites belonging to the same cell (see first term of Eq.(1)).
In this equation, Jij is the coupling strength between
neighboring cells σi and σj , summed over the entire lat-
tice. δσiσj is the Kronecker delta, when σi and σj are not
equal, the neighboring sites i and j belong to neighbor-
ing cells, effectively describing the interface between two
cells. The first term of the energy (1) is associated with
two cellular properties: the cell-cell adhesion and the cor-
tical tension of the cells. Then, adhesion and cortical ten-
sion have opposite effects on intercellular surface tension
and on the extent of cell contact. The cellular adhesion
is due to cadherin and junctional complex binding be-
tween cells. The cortical tension is due to the formation
of contractile actin-myosin network at the zone of contact
between cells [50]. For two adhering contacting cells, the
increase of this tension reduces the contact surface. They
are not independent because both are supported by actin
filaments [50] and therefore their effects are considered
together in the first term of Eq. (1). The second term
describes the elastic-area constraint with elastic constant
κ, where Aσi is the area of cell labeled with σi and Aσ0
is its preferred area, fixed in a range of sizes chosen using
known biological data (I. E., Aσ0 has a value associated
with a normal or atypical cell area, subject to the situa-
tion studied, as will be seen at the end of this section).
We consider a fourth nearest neighbor interaction, with
different weights for the different order of neighbors: for
the first order neighbors, (0,1) and others according to
lattice symmetry: Jij = J ; Jij = J/
√
2 for the second
order ((1,1) and symmetry); for the third order, Jij = 0;
and for the fourth order, Jij = J/
√
5, where J is constant
(see Fig.2(b)). The chosen interaction form effectively
eliminates the energy anisotropy of the square lattice.
The system evolves using Monte Carlo dynamics. Our
algorithm differs from the standard Metropolis algo-
rithm: we first randomly choose a lattice site that is at
the cell boundary; we then propose that the site assumes
one of its neighbor’s ID value (I. E. a σi value of a neigh-
bor cell), and accept this change with probability P given
by the Boltzmann distribution, namely
P =
{
exp (−∆E/T ) if ∆E > 0,
1 if ∆E ≤ 0. (2)
Thermal shape fluctuations of the membranes on nm
scales in general For the probability P , ∆E =
(Efinal − Einitial) is the energy change due to the pro-
posed cell number update, and T simulates cell mem-
brane fluctuations governed by the cytoskeletal elasticity.
Higher T implies higher fluctuations of the membrane.
Thermal fluctuations are much smaller than membrane
fluctuations driven by cytoskeleton and therefore are not
considered [51]. The former ocurr on nm scales in gen-
eral while the last ones ocurr on lenghscales greater than
100 nm [52]. Returning to the Eq. (2), a Monte Carlo
step consists of as many cell number updates as there are
lattice sites. We use the Monte Carlo step (MCS) as the
unit of time in what follows, but this definition of time
unit is not directly related to real time [53]. If we let
the system evolve to reach the lowest-energy configura-
tions, a stationary and stable cell packing with cell mem-
brane fluctuations is obtained. In the next section, we
used large enough final times to obtain stable cell pack-
ing that simulateed normal cell patterns. These patterns
satisfied a mechanical force balance where the total force
vanishes. However, local changes in extracellular tissue,
such as drusen formation or cell apoptosis, can produce
alterations of cell forms [54], and therefore configurations
with higher energies characterized by local tensions can
be found.
We want to distinguish between several possible mech-
anisms that may occur during the changes generated on
the RPE due to drusen. They are apoptosis followed by
purse-string epithelial repair, cell fusions which lead to
bi- tri- up to five nucleate cells and cell expansions that
can reach cell areas five times larger that their original
areas followed by the death of neighbor cells due to an
excessive compression.
Odell et al. [32] first modeled epithelial tissue folding
during development using a “purse-string” idea: a sub-
cortical band of microfilaments from each cell generates
a force by shortening and driving the cell to change its
shape, much like the drawing of a purse-string. The clas-
sic example of the purse-string is the well-studied process
of dorsal closure in Drosophila [55], where the assembly
and contraction of a multicellular acto-myosin belt lin-
ing the gap, aka purse-string [56] is controlled by RhoA
and its direct regulators Rho kinase (ROCK) and myosin
light chain kinase (MLCK) [57]. We adopt this purse
string model to simulate the closure of RPE sheet after
cell death occurs by apoptosis because of soft drusen.
5To simulate the purse-string closure of a tissue dam-
age after a localized cell death, we started with a digital
normal RPE pattern (Fig. 3(a)) and converted its pixels
to ID values on the lattice (Fig.2(a)). We assigned the
measured current cell areas to be their target areas. Cell
apoptosis was modeled by setting the target volume of
the cell to zero: Adead cell 0 = 0. At the same time, all the
cells contacting this dead cell (nearest neighbors or NN),
can enlarge according to A1st
NN
0 = A1st
NN
0 + Adead cell/
(number of NN cells), so the NN cells stretched to over
the area of the dead cell. The pattern evolves according
to Eqs. (1) and (2) until the system reaches its lowest-
energy configuration.
The following process was used in the simulation of soft
druse: Starting from a normal PRE pattern, we assigned
a soft druse location and size; a cell is chosen at random
from the soft druse area, and assigned to undergo apop-
tosis, and its nearest neighbors would then stretch to fill
its space; this single cell apoptosis was repeated from
within the soft druse area, until the pattern reached a
similar cell morphology to that observed experimentally
(see next section).
IV. RESULTS
A. Flat mount images of RPE with drusen
We have obtained over 35 AMD eyes and 28 age-
matched normal eyes from the eye bank. Only those flat
mounts with images that were good enough for analysis
were used in this study. Besides flat amount images of
drusen with RPE, additional histological sectioning was
performed on the same eyes to determine if the drusen
were soft or hard.
B. Morphological changes of RPE associated with
soft drusen
Empirical evidence suggested that the irregularities
of tissue created by dying or dead RPE cells on a soft
druse are repaired by the neighboring healthy RPE cells
stretching and spreading to fill to gaps. We modeled this
repairing process (see section III), allowing cellular re-
arrangements without cell mobility. These dynamics of
deterioration take years in a human eye. Snapshots of
simulations are shown in Fig. 4. Black cells die and their
first neighboring cells elongate to fill the area formerly
occupied by the dead cell (snapshots (a) and (b)). Com-
parisons among simulations (Fig. 4c and Fig. 4d) and
RPE images with a soft druse of 35 µm of radius (Fig. 4e)
and 85 µm (Fig. 4f) show good qualitative resemblance.
We further showed that the patterns were quantitatively
similar.
Before entering into a detailed analysis of simulation
results, we compare the normal RPE to those having soft
drusen. We showed the differences in cell areas located
FIG. 3: Flatmount image of human RPE. Actin was stained
green with Alexa Fluor 635-Phalloidin, cell nuclei were stained
red with Propidium iodide, Bule-violet indicates natural aut-
ofluorescence of slowly accumulating A2E-like derivates. Size
bar indicates 100 µm. (A) Normal RPE morphology from
an 88 year old female. (B) Examples of hard drusen from
the periphery of an 86 year old male with dry AMD. Note
the red color of the hard drusen indicating a high level of
autofluorescence. (C) Examples of soft drusen from near the
macula of a 77 year old male with geographic atrophy. Note
the displacement of the RPE cells due to the drusen and lack
of autofluorescence in the soft drusen. (D) Example of dry
AMD progressing towards geographic atrophy in an 86 year
old male with dry AMD.
on soft drusen and their surroundings, defined as within
100 µm from the centers of the drusen, where the tissue
distortion can be seen by naked eye (semientras quee Fig.
4(g)). These results are useful to understand the degree
of distortion that can be achieved as a guide to simula-
tions. Fig. 5 shows cell area density distributions for a
normal human RPE (dotted line) and the distorted area
distribution by soft drusen (solid lines), as well as the
distortions by small drusen (black) vs. by large drusen
(red). We found that the mean and variance of the cell
area distributions from simulations differed by less than
20% from experimental values. For small druse, exper-
imental cell area was 284 ± 275 µm2; for large druse,
experimental cell area was 1010± 1197 µm2. Comparing
to the normal RPE cells (246± 96 µm2), we see that the
small drusen caused cell area distortions significantly less
than the large drusen, in this last case not only broaden
the area distributions but also increase the cell areas.
6FIG. 4: RPE morphology in the presence of a soft druse:
snapshots of simulations (a)-(d) and experiments (e)-(f).
Shaded regions correspond to a soft druse. (a) and (b) cor-
respond to a simulated sequence of cell death and elongation
of its neighbor cells. Black cells die and their first neighbor-
ing cells elongate to fill the area of dead cells. (c) and (d)
are two final RPE images in the presence of soft druse of ra-
dius 35 µm and 85 µm, respectively. (e) and (f) are traced,
flatmount images showing only the cell boundary, from the
macular region of the left eye of the same 87 year old male
with geographic atrophy in Fig 3C. Scale bar = 50 µm. (g)
is an illustration of the definitions of the radius of druse and
radius of measurement.
Recall that we simulated soft druse formation by grad-
ually inducing cell apoptosis at the site of soft druse.
The death of about 150 cells is necessary to simulate
on a normal tissue the deterioration induced by a soft
druse of 87 µm radius, whereas about 55 cells die on av-
erage to obtain the deterioration induced by soft drusen
about 40 µm radius. For these druse sizes, our model
established that triple the number of cells are killed to
generate the deterioration of a druse that is only double
in size. This mismatch predicts that the dynamics of soft
druse formation play an important role in generating the
morphological distortion. In the next section extent and
irregularity of damaged epithelia by drusen of different
sizes were studied analyzing regularity of Voronoi domain
areas derived from distorted RPE cells.
C. Voronoi domain analysis
We further used a Voronoi-tessellation based spatial
domain analysis to describe the uniformity of cell dis-
tribution [58]. Drusen underneath RPE cells generate
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FIG. 5: Comparison of cell area density distribution for cells
located on and near soft drusen: simulation results (dashed
lines) vs. experimental data (solid lines), and small drusen
(black) vs. large drusen (red). Cells within 100 µm from the
centers of the drusen were measured. Ten replica simulations
using J = 4, κ = 0.2 and T = 2 were performed to obtain
each of the area distributions (mean distribution is shown)
associated with a small druse of radius 52 µm (dashed black
line), and a large druse of radius 87 µm (dashed red line).
Eight small drusen of radius rD between 40 and 55 µm (solid
black line), and six larger drusen, 70 < rD < 90 µm (solid
red line), from the same macular region (87 year old male
with geographic atrophy, Fig 3C) were measured to obtain
the cell area distribution near drusen. Area distribution of a
normal macula RPE from an 88 year old female, Fig 3A, is
also included for comparison (dotted line).
tension and deformation of the tissue extending far from
the location of druse. We quantified this damage by mea-
suring the Voronoi regularity indices on and near soft
drusen. For this propose, we calculated the centers of
mass of the RPE cells of the affected region around each
druse. Next, we constructed Voronoi domains (VD) as
polygonal shapes that surround the centers, such that
any point in a polygon is closer to its generator center
than any other center. Finally, we calculated the Voronoi
domain regularity index for a tissue sample by dividing
the mean Voronoi domain area by the standard devia-
tion of that sample. Fig. 6 shows the Voronoi domain
regularity indices for the normal RPE and different RPE
tissues with soft drusen. The indexes were calculated
for a circular region 100 µm from the center of drusen
(Fig. 4g). The irregularities of the tissue due to druse
increased considerably with the druse size. VD regularity
index is above to 4 for a normal RPE and it is between
1 and 2 for larger drusen. If we use the mean and vari-
ance of the cell area for normal RPE calculated in a area
of radius of 100 µm (see section IVB), we would obtain
< A > /∆A = 2.56. Therefore, the index of Voronoi
allows enlarging of the scale of measurement of the reg-
ularity of the tissues, hence is a better measurement for
cell packing regularity.
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FIG. 6: Voronoi domain regularity measure of RPE patterns
as a function of druse size, for simulated (white) and exper-
imental (dark) RPE pattern. Normal RPE is as in Fig 3A.
Ten simulations were performed for small and big drusen of
fixed radius of 40 and 80 µ, respectively. The RPE measured
are for tissues within 100 µm from the center of soft drusen.
D. Local anisotropy around drusen
Besides cell area distributions and Voronoi-tessellation,
we used a texture tensor that measures spatial distribu-
tions of pattern irregularities around drusen. The texture
tensor was proposed in [59, 60] to quantify stored defor-
mation that, in contrast to the normal definition of the
elastic strain tensor, does not require the details of a ref-
erence state. I.E., the texture tensor can be measured
on the image directly, without knowledge of the original
state of the tissue prior to deformation caused by the
druse. To characterize the texture of a tissue in a given
area, we divide this area in subareas A(R) around the
position R. In each subarea, we list all pairs (r, r′) of po-
sitions of neighbor cell centers. From the vector l = r−r′,
we construct the tensor l⊗l = (lilj), where ⊗ denotes the
standard tensor product and i and j are Cartesian coor-
dinate indices. This tensor, averaged over the number
of neighbors of all cells in A(R), defines the local tex-
ture tensor, M(R) = 〈lilj〉A(R). M(R) is symmetric and
therefore has two strictly positive eigenvalues. At each
A(R), we representM(R), drawing an ellipse whose axes
are orientated in the direction of its eigenvectors and the
dimensions of the axis are proportional to its associated
eigenvalue. Thus, at each A(R), the texture tensor field
describes an ellipse, which is a measure of the local de-
formation of cells (the largest axis being in the direction
in which cells elongate). For instance, Fig. 7 shows an
example of M(R) measured in a RPE with a soft druse.
The ellipses result more stretching near the druse and
far from them, where here is no local tension, there are
circles.
The eigenvalues of the texture tensor can be used to
FIG. 7: Ellipses generated from tensor texture superimposed
on a tissue with a soft druse of 90 µm (left) and 35 µm (right)
of radius. Long and short axis ellipses are proportional in
length to the largest and smallest eigenvalues and point along
the corresponding eigenvector. The subareas are A(R) = 50×
50 µm2, in which an ellipse is calculated. We particularly see
deformation around the druse on the left. The anisotropies
measured for these tissues, within 100 µm from the center of
drusen are 1.8 and 1.2, respectively. Practically, the tissues
on and around the small drusen keep isotropic whereas the
eigenvalues of the texture tensor reveal accumulated tensions
on the tissue for big drusen. Scale bar = 100 µm.
characterize texture anisotropy. We defined anisotropy
as the ratio of the major axis to the minor axis of the
ellipse and averaged over a given area. Note that in this
definition the anisotropy is always larger than unity. In
fact, around drusen greater than 40 µm of radius, the
anisotropy was equal to 2.3 ± 0.6. This value was mea-
sured for a circular region of 100 µm from the center
of soft drusen (the circular region is divided in subareas
A(R) = 50× 50 µm2, in which an ellipse is calculated as
we explained previously). Then, the anisotropy was re-
duced to 1.2±0.2 far from the druse or measured for nor-
mal tissues. Drusen less than 40 µm of radius generated
low deformations, and the anisotropy in these cases was
1.3 ± 0.2. Numerical simulations of soft drusen greater
than 40 µm of radius generated an anisotropy of 1.7±0.2.
This value is less than the value obtained experimentally
due the three dimensional structures of drusen contribut-
ing to the anisotropy value and these deformations were
not considered in our model.
E. Characterization of epithelial tissue damaged by
different processes of localized cell death
There are at least three possible mechanisms that may
occur during the changes generated on the RPE due to
drusen: apoptosis followed by purse-string epithelial re-
pair, cell fusions which lead to bi- tri- up to five nu-
cleate cells and cell expansions that can reach cell ar-
eas five times larger that their original areas followed by
the death of neighbor cells due to an excessive compres-
sion. The former was considered as the mechanism of cell
death and repair of tissue in our previous simulations. In
8FIG. 8: RPE morphology in the presence of a soft druse
of 82 µm of radius with cell death caused by: (a) cell fu-
sions, (b) cell expansions and (c) apoptosis. These snapshots
correspond to final RPE images simulated following the cri-
teria explained in section IVE (shaded regions represent to a
druse). Scale bar = 50 µm.
this section, we presented computer simulations validat-
ing this process as the main mechanism through the char-
acterization of epithelial tissue modified by the different
process mentioned. We compared our previous simula-
tions of apoptosis with simulations where the process of
localized cell death was modified in two distinct ways:
(a) Cell fusion modeled by setting the same ID value for
the chosen neighbor cells at random on a lattice localized
area (see section III); (b) Cell expansion was allowed to
reach five times its area while its first, second and third
neighboring cells shrank from original area to 20%, 15%
and 5%, respectively. As consequence of the compres-
sion, a neighbor cell constricted more than 20% of its
original area, it died enforcing Adead cell 0 = 0 (see Eq.
(1)). Both (a) and (b) patterns evolve according to Eqs.
(1) and (2) until the systems reach their lowest-energy
configurations. We chosen a soft druse location and cer-
tain size in each pattern and a cell was chosen at random
from the soft druse area and assigned undergo: (a) fusion
with a neighbor cell chosen also at random or (b) expan-
sion. The simulations started with normal tissues and
these processes were repeated in each tissue separately
from within the soft druse area, until the patterns tried
to reach similar cell morphology to that observed exper-
imentally. The fusion was limited to a maximum of ten
cells, that it is the maximum number of nuclei observed
in RPE cells. Fig. 8 shows the different patterns reached
by localized cell death due to: (a) cell fusions, (b) ex-
pansions and (c) apoptosis. The final patterns are very
different from each other. There are a few cells that they
didn’t undergo fusion keeping their original size in (a),
whereas that the cell expansions generated so uniformity
on the (b) pattern, the last one (c) seems more realistic
(see left panel in Fig. 7 for a comparison).
For a better comparison between these three processes,
in the Fig. 9 cell area density distributions located on and
near soft drusen are shown. We found that the distribu-
tions due to cell fusion (green line) and expansion (blue
line) mechanisms are completely different to the distri-
bution produced by apoptosis and elongation of neigh-
bor cells (red line). This last distribution is similar to
experimental data showed in Fig. 5. The constrain of
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FIG. 9: Comparison of cell area density distribution for cells
located on and near soft drusen of 82 µm of radius with cell
death caused by: cell fusions (green line), expansions (blue
line) and apoptosis (red line). This last distribution is similar
to the experimental data obtained for big drusen (see Fig. 5)
revealing the apoptosis process followed by a purse-string as
the main mechanism of localized cell death. Cells within 100
µm from the centers of the drusen were measured. Ten replica
simulations using J = 4, κ = 0.2 and T = 2 were performed
to obtain each of the area distributions (mean distribution is
shown) from a normal macula RPE which area distribution
is also is also included for comparison (dotted line).
a maximum of cell area in the expansion process gener-
ates a distribution with two peaks: the first one is due
to the cell compressions and it is on the left of the peak
of the distribution of the normal RPE used to start the
simulations (dotted line) and the other one is due to the
constrain cell maximum area. In contrast, the constrain
for the cell fusions is softer (limited to a maximum of ten
cells) and it did not produce an area distribution with two
peaks. However, this distribution did not fit to the exper-
imental results. We also calculated the Voronoi indices
and the anisotropies through the textor tensor’s eigen-
values and obtained from simulated drusen of 82 µm of
radius: 1.8±0.2 and 1.7±0.2 for cell fusions, 2.0±0.2 and
1.2±0.2 for cell expansions and 1.6±0.2 and 1.7±0.2 for
apoptosis, respectively. Simulated drusen from cell ex-
pansions followed by compression and cell death did not
generate large irregularities in the tissue whereas similar
anisotropy values were found for drusen obtained from
cell fusions and apoptosis but their cell area density dis-
tributions were very different located on and near drusen
as we showed in Fig. 9. These three processes could be
combined, but given the unknowledged on their interven-
tion grades the results shown in this section allowed us to
consider the apoptosis followed by a purse-string as the
main mechanism of localized cell death.
9V. DISCUSSION AND CONCLUSIONS
Our aim was to understand the morphology of RPE
layer when damaged by different sizes of drusen. Our
motivations derive from promising advances in imaging
human RPE cells with in vivo, real-time, adaptive optics
scanning devices [61, 62].
We asked how cell pattern and tiling arise in living or-
ganisms, using knowledge of fundamental properties of
cell adhesion. Despite cell complexity, cell shape is con-
trolled by surface tension to a large extent. The con-
trol of cell shape involves an organization of the plasma
membrane into an effective surface of contact with extra-
cellular environment, including contacting cells, extra-
cellular matrix, and medium. In the context of epithe-
lium, the contact surfaces are between neighboring cells
bound by various adhesion complexes. We developed an
RPE model based on the Cellular Potts model, which
has characteristics sufficient to study the morphology of
RPE and alterations caused by drusen. This model in-
cludes the essential properties of epithelium, i.e., cell-cell
adhesion, cortical tension, and cell area elasticity. This
last property is due to the constant volume of an epithe-
lial cell, limiting the size each cell can stretch into in two
dimensions. Although the plasma membrane constitutes
a significant reservoir of molecules that are readily avail-
able for change in its surface of contact with other cells,
cell volumes are constrained. We have reproduced pack-
ing geometries observed in human RPE corresponding to
our model of local minima in an energy function which
forces are balanced.
The RPE cells generally do not divide in the adult.
However, there is a gradual loss of cells with increasing
age and an increase in size of those remaining to compen-
sate for this loss in order to maintain the integrity of the
barrier. RPE cell death can cause photoreceptor degen-
eration and the development geographic atrophy [63]. To
examine how normal cell packing geometries respond to
injured tissue, in our simulations we induced cell apop-
tosis to create a defect in the tissue integrity, and then
allowed the adjacent cells to expand to fill the space pre-
viously occupied by the dead cells. Thereby, we repro-
duced local deformations due to defects in normal human
RPE using our computational RPE model. The adjacent
cells elongated toward the gap, forming a focus for small
tissue injuries and irregular patterns for large injuries.
Soft drusen are often found under these injuries in real
cadaver eyes that had been diagnosed with AMD.
The irregularity of tissues produced by soft drusen was
measured using cell area distributions, Voronoi domain
analysis and texture tensor. The area distributions for
cells on and near the soft drusen reveal a clear increase of
their sizes compared to normal cells, due to the localized
cell death promoted by the drusen. Our model predicts
a localized death of about 150 cells induced by a druse
of 87 µm of radius and 55 cells for a druse of 40 µm of
radius. These numbers far exceed the cell numbers cov-
ering the drusen (less than thirty cells were observed on
small and big drusen). To describe the uniformity of cell
distribution and the anisotropy of the tissue generated
by drusen, the Voronoi domain regularity indices and
the texture tensor for matrices deformed by experiment
and simulated drusen of different sizes were calculated.
The farther away from the druse, the more regular the
Voronoi indices and the less anisotropy value revealing a
decrease of the tensions.
Finally, a characterization of epithelial tissue damaged
by different processes of localized cell death was pre-
sented in section IVE. Different mechanisms may occur
during the changes generated on the RPE due to drusen:
cell death followed by a purse-string mechanism, cell fu-
sions and cell expansions. We showed that the first pro-
cess is the predominant mechanism to characterize tissues
damaged by drusen.
In summary, simulations of our RPE morphogenesis
model quantitatively reproduced deformations of RPE
morphology in the presence of drusen, suggesting that a
purse-string mechanism is sufficient to explain how RPE
heals cell loss caused by drusen-damage. Our results also
suggest that soft drusen induce cell stretching like pre-
ponderant mechanism. Taken together, our integrated
experimental and modeling study has allowed us to study
morphological changes the RPE sheet associated with
drusen, and suggest a plausible mechanism of how RPE
repair its cell loss. This model has provided a physical
description of the epithelium remodeling and morpholog-
ical change. This is exciting because it suggests the pos-
sibility that we could use RPE morphology analysis as a
diagnostic and prognostic tool. Non-invasive imaging of
the living human eye may soon provide comparable mor-
phometric data on the human RPE. We speculate further
possible significance: knowledge of a particular morpho-
type may be used to predict a response to a given drug
and then to assess the response.
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